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SUMMARY

In order to determine the magnitudes and distributions of currents and
charges induced on the surfaces of an aircraft when it encounters an
electromagnetic pulse generated by a nuclear explosion, large simulators
have been constructed in which the aircraft can be exposed to a hopefully
comparable electromagnetic environment. One important type consistc of a
parallel-plate transmission line or open waveguide with tapered triangular
ends, between the conductors of which a pulse with a plane wave front must
travel. Since the relevant pulse contains a frequency spectrum with wave-
lengths that extend from very long to relatively short compared :to the
dimensions of the aircraft, the separation of the two conductors of the
transmission-line simulator cannot be kept small compared to all of the
wavelengths in the pulse as required for TiM transmission without propagating
higher modes. It follows that TEM-mode transmission-line theory can be
applied only to the very low frequency part of the spectrum, for which kh =
2ah/\ << 1.

The properties of the simulator at higher frequencies are difficult to
determine accurately. One approach is to measure the electric field in a
model simulator at one or more of the relevant higher frequencies, and then
seek to interpret its distribution theoretically. This hac bzew deune in a
carefully designed model simulator at two operating frequencies, f = 626.5
MHz () = 48 cm) and f = 264 MHz (A = 113.6 cm). When the frequency 1is so
high that kh is not small, as when kh = 2rh/A = 4.57 or h = 2.25)A with ) =
48 cm and the height h = 108 cm, the electric field in the working volume is
much more complicated than at low frequencies. This is true to a lesser
degree when kh = 1.327 or h = 0.66A for A = 113.6 ¢cm and h = 75 c¢m. Owing
to the wide spacing, most of the energy supplied by the gemerator is now
radiated into the surrounding space, and only a small fraction is dissipated
in the load. The structure is essentially an antenna and not a transmission

line.

Direct measurements have been made of both the amplitude aud phase of
the vertical (Ez) and longitudinal (Ey) components of the electric field
throughout the working voiume and adjacent regions of the simulator, and of

Ez on the surfaces of both conducting plates where Ey = 0. In order to
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interpret the measured results, the field in the working volume has been
represented approximately in terms of the mode theory of the infinite
parallel-plate waveguide. For the operating wavelength A = 48 cm, four

02° and TM_.. modes.

0o1* ™ 03
Comparisons with the measured data indicate that the assumed approximate

modes are well above cut-off. These are the TEM, TM

representation of the field by the superposition of ideal parallel-plate

modes is a good one throughout the working volume of the simulator. It is

also evident that the total Ez differs greatly from the part contributed by

j
3
]
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F
3

the TEM mode alone. This is true particularly near the top, where the

difference between the incident spherical wave in the sloping sections and

the plane wave in the working volume is greatest. There is no difference

on the ground plane. TE modes contribute only negligibly and are ignored.

The components Ez and Ey in the working volume and adjacent regions

were also measured with f = 264 MHz when h = 75 cm = 0,66\ and » = 113.6 cm.
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Now only the TEM and TMOl modes are above cut-off; TE modes are neglected.

As with the higher frequency and greater height h of the working volume,

o e = ot =
AR AL

the approximate representation of Ez and Ey by TEM and TMOn modes 1is quite
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satisfactory.
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The differences between the actual electromagnetic field in the working !

o med o n

volume of the model simulator and the desired traveling plane wave are i

significant when h = 108 cm = 2.25) with f = 626.5 MHz, and considerably

larger when h = 75 cm = 0.66) with f = 264 MHz. In the first place, the x
component Ez of the electric field is not uniform in either the transverse f
or vertical directions; secondly, there is a component Ey; and thirdly, y
there is a significant standing wave. It follows that the electrical
environment of a metallic obstacle placed in the working volume is neces- ;
sarily quite different from what it would be if it were exposed to an _ h
incident plane wave. A sample set of measurements of the very sensitive {
charge density distribution on the surface of a tubular cylinder when located !
at the center of the working volume has been compared with earlier data taken i f
at the same frequency and on the same cylinder when illuminated by a spherical !
wave. These are discussed in conjunction with theoretically determined J
distributions for an incident plane wave. The report closes with a discussion

of possible methods of reducing the lateral and vertical nonuniformity of the

field in the simulator as well as the standing-wave ratio.
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SECTION 1

INTRODUCTION

The purpose of an EMP simulator is to provide an electromagnetic
environment that approximates a traveling electromagnetic pulse composed of
a spectrum of frequencies extending from very low to moderately high. For
each component frequency, the electromagnetic fileld is a plane wave with
mutually perpendicular electric and magnetic vectors that satisfy the
relation E = E x E, where E is in the direction of propagaticn. It has the
magnitude ¢ = 3 x 108 m/sec. One type of structure that is designed to
generate an approximation of such a field is the guided-wave simulator which
ideally has the properties of a uniform transmission line for the TEM mode
at sufficiently low frequencies. That is, it has a characteristic impedance
that is independent of the frequency and position along the direction of
propagation and it can be terminated to provide a pure traveling wave at
every cross section. Unfortunately, it is not obvious nor easily proved
that the electromagnetic field in an actual simulator adequately approxi-
mates the desired properties at any or all frequencies in .he pulse. The
geometries of the different structures in actual use are such that a
rigorous, gquantitatively accurate analysis is very difficult. It follows
that recourse must be had in numerical investigations or in direct measure-
ments. Actually, an accurate and complete experimental study of the electro-
magnetic field in the working volume of a gulded-wave simulator is faced
with many difficulties. It is the purpose of this final report to summarize
the results of such a study performed on the model simulator at Harvard

University and, in order to make them meaningful, to interpret the measure-

ments with the help of approximate, but instructive, theoretical results.
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SECTION 1I

THE HARVARD EMP SIMULATOR

A detailed experimental study has been made of the electric field in
the guided-wave simulator shown schematically in Figures 1 and 2. It
consists of a rectangular metal plate between sloping triangular plates
supported over a large aluminum ground plane (7.93 x 3.35 m) by dielectric
cables and styrofoam blocks. It is driven at one end by the vertical
extension of the inner conductor of a coaxial line connected to a CW power
oscillator. It is terminated at the other end in standard two-watt resistors
in parallel. The three~dimensional region under the rectangular plate is
called the working volume. 1Its length b is 115 cm, its width 2a is 175 cm.
Its height h sbove the ground plane is adjustable with the help of hinged
joints between it and the sloping triangular plates combined with movable
feed and load points. Two heights and frequencies have been used. They are
h = 108 cm with f = 625 MHz or A = 48 cm so that h/)» = 2.25, and h = 75 cm
with f = 264 MHz or A = 113.6 cm so that h/) = 0.66. The altitude of each
of the identical triangular plates is 331 cm and their projections on the
ground plane when h = 108 c¢m are 311.5 c¢m, when h = 75 cm the projections
are 322 cm. These dimensions provide a characteristic impedance of 100
when h = 108 cm, of 80 2 when h = 75 cm. A small corner reflector is placed
behind the driven end; absorbing material completely surrounds the edges of

the ground plane.

Cartesian coordinates are used to describe the location of a point in
and near the working volume of the simulator. The origin is on the ground
plane directly below the center of the parallel plate. The unit vectors
i,§,2 define, respectively, the transverse, longitudinal, and vertical
directions, as indicated in Figure 2. Note that y points in the direction
of propagation. For preliminary measurements the spherical coordinates
(r,%,6) are also used with the origin (r = 0) on the ground plane at the
driving point (see Figure 9). When h = 108 cm, the load is at (r,%,9) =
(738,90°,0°), where r is in centimeters.

In order to determine the electric field in the working volume and in
the adjacent sections of the pyramidal regions as well as along the surfaces

of the ground plane and the upper parallel plate, a system of movable probes

10
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was designed and constructed for the direct measurement of both the amplitude
and phase of Ey and Ez. As explained later, a small component Ex exists
primarily near the open sides where fringing occurs, but this could not be
wmeasured. The component Ez on the ground plane was measured with a monopole
probe 4 cm long, mounted on a brass disk 10 cm in diameter, and designed to
alide along the ground plane when moved by means of a pulley system. The
probe cable was constrained to lie flat on the ground plane and was, there-
fore, always perpendicular to the electric field. The measurement of Ez on
the underside of the upper parallel plate was accomplished with a monopole
probe that projects down into the working volume through longitudinal slots
cut into the parallel plate. The probe was mounted on a brass block which
was machined to slide in the slots. The output cable from the base of the
probe was placed in a shielding tube constructed to lie along the upper
surface of the sloping triangular plate leading to the load. The cable in
its shielding tube extended beyond the load parallel to the ground plane and
over its edge to the instrumentation below, as shown in Figure 2. The sec-
tion over the ground plane constituted a transmission line with a character-
istic impedance of 100 1. It was short-circuited at a distance of A/4 from

the load by a metal plate and so acted like an open circuit at the load.

The electric field throughout the working volume was measured with a
dipole antenna that could be oriented vertically to measure Ez and hori-
zontally to measure Ey. It was continuously movable in the working volume
and adjacent sections below the triangular piates. The probe cable consisted
of twin coaxial lines that were held parallel to the transverse x-axis as
the probe was moved. This assured that they were perpendicular to both Ez
and Ey. but necessarily parallel to Ex - which could excite axial standing-
wave distributions of current and charge on their surfaces. Since these
would have a charge maximum at the end adjacent to the terminals of the
dipole, they could induce an undesired voltage across them if complete
geonetrical symmetry did not obtain. No such difficulty was encountered
with f = 626.5 MHz, and the simple space probe (a) shown in Figure 3 was
used to measure Ez and Ey throughout the working volume. At f = 264 MHz,
an undesired voltage due to Ex was observed - presumatly because the long
twin cables from the probe in the working volume to the vector voltmeter
under the ground plane happened to be near a resonant length. This
difficulty was avoided by enclosing the twin cables in a metal tube provided

13
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with aa adjustable extension beyond the dipole, as shown in the diagram for
space probe (b) in Figure 3. When the extension was adjusted to a quarter
wvavelength, the dipole was locatad at a charge minimym, instead of a charge
maximum, in any standing wave induced on the tube by Ex. The undesired
voltage across the terminals of the evidently not perfectly symmetrical
dipole was thus reduced to an unobservable value.
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SECTION III

PRELIMINARY MEASUREMENTS

Before measurements were made in the model simulator, the standing-
wave pattern on the ground plane with its surrounding absorbing walls was
investigated. The source was a short monopole at the location of the
driving=-point of the simulator (r = 0), backed by a small corner reflector.
The frequency was f = 626.5 MHz or A\ = 48 c¢cm. By means of the movable
monopole probe, the electric fileld Ez along the radial line 6 = 0° was
measured in both amplitude and phase, as shown in Figure 4 in solid lines.
It corresponds to the spherical traveling wave Ez - Aeikr/r with a super-
imposed standing-wave ripple. In order to determine the predominant cause
of the reflections that generate the standing wave, a reflecting plane was
placed successively in three positions. For the first location normal to
the direction of propagation at r = 8 = 606 cm, the field distribution shown
in Figure 4 in dotted lines was obtained. This resembles the graphs in
solid line, but with a substantially higher standing-wave ratio. Fecr the
second location, the reflecting plate was moved away from the source a
distance of one quarter wavelength to s = 618 c¢m. The new field distribution
was like the dotted one in Figure 4, but with the entire standing-wave
pattern moved away from the source a distance of a quarter wavelength. A
theoretical curve for the field when the reflecting plane at s = 606 cm is
infinite in extent 1s shown in Figure 5 for comparison with the measured
dotted graphs in Figure 4. The third location of the reflecting plane was
normal to the x-direction and flat against the absorbing material on one
side at x = -136 cm. The field measured in this case differed negligibly
from that in the absence of any reflecting plane, shown in solid lines in
Figure 4. These tests indicate that the reflections that produce the small
standing wave shown by the solid-line graphs in Figure &4 originate at the
rear edge and wall of the absorbing material. Their small amplitude shows
that while there is some reflection from the edge of the ground plane and
the absorbing material, this latter is geuerally effective in providing a
predominantly traveling wave that closely approximates that over a plane of
infinite extent.

The next set of preliminary measurements was carried out with the

parallel rectangular and sloping triangular plates of the simulator in place,

16
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and with a load of 105 Q as the termination. This value was chosen after
measurements showed that it provided the lowest standing-wave ratio in the
region near the load. GCraphs of |Ez| and ez are shown in Figure 6 for a
distance of more than a wavelength adjacent to the 105 i load. The standing-
wvave ratio of 3.7 shows that there is substantial reflection even with the

best matched load. (It should be added that no really significant change in

the standing~wave ratio was observed when the load was varied widely above
and below 105 Q.) 1In Figure 7 are shown the graphs of ]Ez] and 62 along the

.ground plane corresponding to those in solid lines in Ffigure 4, but now with

the simulator plates in place. There is no dramatic difference. The main

outline 1s still that of a traveling spherical wave with a superimposed

standing wave. The latter is somewhat reduced near the source, somewhat

enhanced near the load.

In Figure 8 are graphs in (a) of the measured phase fronts of Ez on the
ground plane at four different radial distances between the source and the
beginning of the working volume at y = ~57.5 cm (r = 311.5 cm, 6 = 0°).

They are seen to be essentially circular with small oscillations near 6 =
15° due to edge effects from the sloping triangular plate above. The same
information is conveyed in a different manner in (b) of Figure 8 which shows
the phase along the line y = =265 cm between x = 0 and x = ~114.5 cm. The
solid line shows the measured phase, the broken line the theoretical phase
for an ideal spherical wave with the wavelength A = 47.88 cm. A graph of
IEzl along a circular arc r = 55 em 18 shown in (c) of Figure 8. It {s
constant within 1 dB under the sloping triangular plate where 0 < 6 < 15°.
In the region beyond the projection of the edge of the triangular plate,
i.e., 15° < 8 < 30°, |Ez[ varies within a 3 dB range. It follows from
Figure 7 that in the region beyond five wavelengths from the source, but not
as far as the rear triangulsr plate, f.e., 250 < r < 400 cm, |Ez| is fairly
constant in magnitude but with a superimposed standing-wave ripple. In this
range the standing-wave ratio is relatively small, and the phase reasonably
linear. Beyond the parallel-plate region, r > 426 cm, the standing-wave

ratio 18 much higher, and the phase departs substantially from the linear.

It may be concluded from these preliminary measurements of Ez along the
ground plane, that the field incident on the parallel-plate region is essen-
tially a traveling spherical wave with a superimposed standing wave of rela-

tively small amplitude.
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SECTION IV

' INTRODUCTORY DESCRIPTION OF THE FIELD IN THE WORKING VOLUME

In order to provide a meaningful set of measurements of the electro-
magnetic field in the working volume of the simulator, that is, in the
parallel-plate region and adjacent sections of the tapered ends, it is
necessary to review briefly the elementary theoretical foundations,
Consider first the field at frequencies that are sufficiently low to make !;'
the height h a negligible fraction of a wavelength, i.e., kh = 2rh/) << 1,

In this important range, the entire structure has the properties of an end-
loaded transmission line operating in the TEM mode with negligible radiation,
low line losses, a constant characteristic impedance, and a standing-wave
ratio determined by the terminating load impedance. The TEM electric field
in the working volume is vertically directed and approximately independent
of the transverse coordinates x and 2z at points not too close to the side
edges of the plates where fringing effects occur. That is, E(x.y,z) -
; b iEz(y). Ez(y) is proportional to V(y), the transmission-line voltage across
the conductors. The planes y = constant are ideally surfaces of constant 1 3
amplitude IEz| and phase ez. The incident wave travels in the positive ?'
y-direction, the reflected wave in the negative y-direction. With a proper
termination ZL - Zc’ the reflected wave from the load can be reduced to a
negligible value. However, reflections do take place at the discontinuities

o at the junctions of the parallel plate and the sloping triangular end plates. 3

When the frequency is so high that kh is not small, in particular, when
kh = 2nh/A = 4.57 or h = 2.25) as for the Harvard simulator at the operating
wavelength A = 48 cm and the height h = 108 cm, the electric field in the 3
working volume is much more complicated. This is true to a lesser degree &
when kh = 1.327 or h = 0.66) as for the Harvard simulator when X} = 113.6 cm f
and h = 75 em. Owing tc the wide spacing, most of the energy supplied by 1?

the generator is now radiated into the surrounding space, and only a small

5 fraction is dissipated in “he load. The structure is essentially an antenna
and not a transmission line. This has been confirmed by K. M. SooHoo (ref.1l)
in a numerical analysis of a comparable simulator. He concludes that in the

|
high-frequency region, the radiated power approaches 80% of that supplied by '3

.

the generator.




In order to understand the characteristics of the measured field and to
relate them to the simple TEM field that dominates at low frequencies, it is

advantageous to have an at least approximate theoretical representation of

the field in the working volume. Owing to its finite size and connection to

the sloping triangular driving and loading members, the working volume is

not simply a section of an ideal parallel-plate waveguide of infinite length.

- m— =

No general analytical treatment of the complete simulator has been made.
Analyses are available of infinitely long, parallel-plate waveguides with
plates that have a finite width that 1is arbitrary (refs. 2 and 3), or that
is very narrow (ref. 4), very wide (refs. 5 and 6), or infinitely wide

(ref. 7). None of these provides any information on the fields in and the

transmission-line properties of the long sloping triangular sections or of

L il ol Va2 b AN i o 5 e 52 B

the junction region between them and the parallel-plate region. Unfortunately,

they also provide primarily qualitative information about the fields in the

[

parallel-plate section since this is only 115 c¢m long, but 175 cm wide and
(with image) 216 cm (or 150 cm) high. Thus, the condition of infinite

length (or at least great length compared with the transverse dimensions)

ey ("I TR a4

[,

implicit in all of the analyses of parallel-plate waveguides is not satisfied.

Indeed, the parallel-plate section is relatively so short that end effects

. ———y
woen e et o0k kil B

can be expected to be significant over much of its length. Even so, the

theoretical representation of the field in an ideal parallel-plate waveguide
in terms of propagating TEM, TM, and TE modes should provide the best avail-

able framework for interpreting the measured field in the working volume of ’

|
the model simulator. Instead of reviewing these in general, it is expedient

ITPPTRURRSTT PN

first to study the nature of the incident fileld in order to determine which

of the many possible modes can actually be expected to be excited.

b i A

As has been demonstrated, the field incident on the parallel-plate

PRIV R TR

region is essentially a spherical wave originating at the source with an
electric field EO and magnetic field He = Be/u0 tangent to the surface of a
sphere, as shown in Figure 9(a). The intersection of the spherical wave 11
fronts with a vertical plane is shown in Figure 9(b). At points on the
plane y = constant, Ez = -E0 sin ¢, Ey = E° cos &. On the ground plane,
z=0and ¢ = 90° so that Ez = --E° and Ey = 0. Thus, along the plane

corresponding to the input surface y = =-57.5 cm of the working volume, there
is a vertical component Ez of the electric field and also a longitudinal

component Ey which increases from zero at the ground plane to a maximum at

24
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FIG. 9 SCHEMATIC DIAGRAMS OF SPHERICAL WAVE INCIDENT
ON A PLANE.(0) THREE DIMENSIONAL VIEW (b) ELECTRIC
FIELD IN VERTICAL PLANE (c) MAGNETIC FIELD IN
HORIZONTAL PLANE.
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the top plate. In the parallel-plate region these components can excite the

TEM mode aud those 1M modes that are symmetric with respect to the tranaverse
z coordinate.

w"w,-.ﬂcw{-m-w . N

The intersection of the spherical wave with a vertical plane in a hori-

gontal section is shown in Figure 9(c). At points along the plane y = 4

; constant, Hx - -He cos 6, Hy - -He gin 6; at x = 0 and 6 = 0°, Hx = -He and j[
Hy ® 0, Therefore, along the plane surface corresponding to the input

surface y = -57.5 cm of the working volume, there is a transverse component

Hx of the magnetic field and a longitudinal component Hy. The latter e

~ TAPBPITT T Y TN DT I Y rWTOERPYCH SRR Y PRT LIET
sy

vanishes at 8 = 0°, 1s positive for ¢ < 0°, negative for & > 0°. 1In the
parallel-plate region, these components are associated with the TEM mode and
those TE modes that are auntisymmetric with respect to the transverse x
coordinate. Thus, Ez may include components in the TEM, TM, and TE modes,

Ey consists exclusively of TM modes, and Ex may be composed of both TM and
TE modes. Similarly, Hx r - :lude components in the TEM, TM, and TE modes,

' Hy consists exclusively of .. modes, and Hz may be composed of both TE and
T modes.
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SECTION V

THE FIELD IN THE PARALLEL-PLATE SECTION; TEM AND TM MODES

Since the field incident on the parallel-plate section of the simulator
is a spherical wave, it is of interest to determine the nature of the phase
fronts which charscterize the electromagnetic field in that section. Measured
graphe of the wave fronts or contours of constant phase, e' = constant, of
the vertical component Ez of the electric field in the parallel-plate region
when h = 108 cm and f = 626,5 MHz are shown in Figures 10a and 10b in vertical
yz planes at discrete values of x ranging from x = 1.7 cm near the center at
x*= 0 tox = -70.3 cm near the edge at x = -87,5 cm. Also shown are the wave
fronts of a spherlcal wave originating at the driving point (x = 0, v = =369
cm, z = 0). Clearly the phase fronts throughout the parallel-plate region
are easentially spherical with a superimposaed oacillation due to reflections

from the top plate.

1t {8 not convenienl to describe the field in a parallel-plate wave-
guide in terms of spherical wave fronts originating at an outside point.
The natural vepresentation is in terms of a superposition of plane waves
known as parallel-plane modes. The simplest form is given by the mode theory
of infinitc parallel planes (ref. 7). Applicable to the parallel-plate
section of the simulator are the TM modes aymmetric in z supplemented, 1if
desired, with the more complicated theory for plates of finite width (refs.
2 through 6). The significance of TE modes 18 congidered in a later saction.

]
The relevant TM modes are given by:

1/2

Ey“ - -1c1n(y)(nkl2h)(c“/h) sin(nnz/h) ()
1/2
E:n -Vn(y)(cn/h) cos(nnr/h) (2)
Hxn - In(y)(cn/h)llzcoa(nnz/h) 3
) , 1/2
where n = 0, 1, 2, .¢.3 ¢ = (u/c) Peg = ] wvhenn = 0, " 2 when n ¥ 0.

*
When referred to the full height with image, h {a replaced by 2h, and n = 0,

2, 4, 6, ..., instend of 0, 1, 2, 3, ...,
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The generalized voltage and current functions Vn(y) and In(y) satisfy the

simple transmission-line equations:

dv_(y)

dy - 1kgnzcn1n(Y) (4)
dI_(y)

dy - 1kgnchvn(y) (5)

where the guide wave number kgn and characteristic impedance ch are:

- 2 2 12 - -1,
kgn (k kcn’ ! cn ch cl"gn/k (6)
and the cut-off wave number kcn is:
Kep ™ 2n/xcn v At 2h/n M

The guide wavelength is Xgn - 2n/k8n. The voltage and current functions for

the TM, wmodes in the parallel-plane section, -57.5 em < y < 57.5 cm, can be
On - -

represented as the sums of incident and reflected waves, i.e.,

inc 1k n’ ref -1k n”
Vo) = v " )e 8% 4 v (0)e B (8)

inc ﬂ‘gny ref -ikgny
In(y)zcn -V (0)e - v (0)e (9)

inc ref
wvhere Vn (0) and Vn

reflected voltage waves in the transverse plane y = 0.

(0) are the complex amplitudes of the incident and

For the Harvard working volume and with the operating frequency at f =
626.5 MHz, the TEM mode with n = 0 and three THOn_l
propagate. For the TEM mode, k = kgo = 0,1309 ¢m i for the TMOn modes,
kgy = 0.977k = 0.128 en kgp ™ 0:893k = 0.117 cm ', and k_y = 0.748k =
0.098 cm-l. The corresponding guide wavelengths are A = AgO = 48 cm for the
TEM mode and A ., = 49.1 cm, X , = 53,7 em, and A . = 64.2 cm for the TM

gl g2 g3 On
modes. The fields for the four modes are:

modes with n = ], 2, 3 can
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TEM: Ey =0 , E, = 0.096V0(y) , Hx - 0.09610(y) (10)
TMOl: By = -111.4Il(y)sin(.029z) , Ez = -0.136V1(y)cos(.029z)

H = 0.136Il(y)cos(.029z) (11)
™

02° Ey - -122.812(y)sin(.058z) . Ez - -0.136V2(y)cos(.0582)
Hx - 0.136I2(y)c08(.0582) (12)
TM03: E = —134.213(y)81n(.087z) R Ez = -0.136V3(y)cos(.087z)

Hx - 0.13613(y)cos(.087z) (13)

The relative amplitudes of the incident and reflected waves for each of these
modes are not readily determined analytically. However, they can be
estimated at any cross section of the working volume by comparison with the
measured field.

The electric field lines characteristic of the TEM and first three TMOn
modes are shown in the yz-plane in Figure 11. At the upper left are the
exclusively vertical field lines of the TEM mode. They have alternate upward
and downward maxima at intervals of A/2 = 24 cm. Note that there is no
assoclated component Ey. At the upper right are the electric field lines
for the TMOI mode. These resemble the TEM mode near the top conductor, but
are oppositely directed near the ground plane gince they are parts of closed
loops with an Ey component ir the region halfway between the conducting
surfaces. The alternating upward and downward maxima now occur at intervals
of A31/2 » 24.6 cm. On the lower left are the E-lines for the TM02
the lower right those of the TM_ . mode. These have additional closed loops

03
in the vertical direction with associated By-components and a wider spacing

mode, on

between successive maxima in the horizontal direction. Thus, for the 'I‘Mo2

mode, the maxima occur at intervals of ABZ/Z = 26.8 cm, for the TM03 mode at
intervals of A83/2 » 32,1 em. Axial distributions of the four modes are
shown in Figure 12 with an assumed standing-wave ratioc of 1.36 for each.

Note that for the TEM mode at the bottom, there are four half-wavelengths in
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the range -48 em < y < 48 cm, whereas for the 'mm mode at the top, there
are only three half-wavelengths in the same range.

When h = 75 cm and £ = 264 Mz or A = 113.6 cm, the only propagating T™™
modes are the TEM mode and the TMOl mode. For the latter, the cut-off wave-

length is )\c = 2h = 150 cm, and the guide wavelength is ) = 174 cm. The

1 gl
formulas (1) - (3) apply with n = 0 for the TEM mode and n = 1 for the TM

modea.

(128
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SECTION VI

THE MEASURED FIELD IN THE WORKING VOLUME: h = 2.25) = 108 cm, f = 626.5 MHz

The principal components, Et and By, of the electric field in the
working volume were measured as functions of the longitudinal variable y
with the transverse variables x and z as the parameters. Consider first the
field with f = 626.5 MHz when h » 108 cm = 2.25)A and A = 4B cm. (The field
with h = 75 cm = 0.66) with A = 113.6 c¢m 18 studied in the next section.)

In Figure 13 are shown measured distributions of |E | and lEyl in the
yz~plane at x = 1.7 cm, i.e., very near the central plane x = 0 of the
parallel-plate region. The parameter z/h ranges from 0 at the bottom to
z/h = 1 at the top. The field along the ground plane z2/h = (0 was measured
with the monopole probe mounted on the movs.ble metal disk; the field along
the underside of the top plate was measur:d with the monopole probe that
moves in longitudinal slots. The field a: all other values of z/h was
measured with the movable dipole space probe that is supported by a long
tube parallel to the x-axis that moves laterally and vertically. The
component Ez was measured with the dipole in the vertical position, the
component Ey with the dipole in the horizontal position. Only the magni-~
tudes IEzl and IEyI are shown in Figure 13. Actually, both magnitude and
phase were measured. Furthermore, for each height z/h shown in Figure 13
except z/h ®» 0, the fields were measured at seven values of x covering one-
half of the working volume.

Selected graphs at z/h = 0.08, 0.45, and 0.91 as measured with the
space probe and at z/h = 1 as measured by the monopole probe protruding from
the top plate are shown in Figures l4 through 17 for Ez and in Figures 18
through 20 for Ey. Of particular interest are the four graphs of IEzl shown
in Figure 21. They reveal the striking change in the standing-wave pattern
in the plane x = 1.7 c¢m from near the top (z/h = 0.91) to near the bottom
(z/h = 0.079). Clearly there are three standing-wave maxima at the top,
four at the bottom. Actually, the standing-wave pattern for IEZI at ¢/h =
0.08 near the ground j_.ane and shown at the bottom in Figure 21 1s a good
approximation of the TEM field shown at the bottom in Figure 12. The

successive maxims are quite uniformly spaced at 1/2 = 24 cm and [Eyl & 0,

On the other hand, the standing-wave pattern of IEzl at z/h = 0.91 near the

1
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3 top plate is quite different in that there are more nearly three instead of
i four standing half-wavelengths in the distance ~48 cm £y < 48 cm. Thie is
shown at the top in Figure 21. Thus, the measured graph at the top in

P 5

Figure 21 resembles the graph at the top in Figure 12 for the standing-wave
; distribution of the n = 3 mode in the parallel-plate region. It is also
evident from Figure 13 and Figures 18 through 20 that Ey is significant. 1t
has a standing-wave distribucion with a wavelength near A83 and is displaced
from that of lEzl by nearly x83/a.

In order to interpret the extensive data contained in the measured

field in the working volume, the graphs shown in Figure 22 were constructed Fﬁ
from the measured data. They show the measured |E | as a function of the '
A vertical coordinate z at seven different transverse positions x across the }
central plane (y = 0) of approximately one~half of the working volume. The 7

distributions are seen to be quite comparable in magnitude and shape, thus i {

indicating a field that is reasonably independent of the transverse coordi- »}
nate X, as is implicit for the ideal TEM and TMOn components. The fact that

Ez is approximately independent of x also indicates that the contribution to

|Ez| by possible TE,, modes is small. This is considered in a later sectionm. C i

0g

At each cross section (y = constant), Ez can be approximated by a super-

position of the TEM and the three propagating TMon modes. The relative o
amplitudes of these modes cannot be determined theoretically, but can be
obtained from the measured distribution of Ez - EzR + 1Ezl. Thus,

———— T —

Ez(y) = A(y) + B(y)cos(nz/h) + C(y)cos(2nz/h) + D(y)cos(3nz/h) (14)

where A(y) = AR(y) + 1AI(y) is the complex amplitude of the TEM mode, B(y) =
Bp(y) + 1B, (y), C(y) = Cp(y) + 1C;(y), and D(y) = Dp(y) + 4D (y) are,
respectively, the complex amplitudes of the TMOn modes, n = 1, 2, 3. The

| real amplitudes AR(y). BR(y), crey AI(y), Bl(y), .«., can be determined by
fitting the distribution (14) to the corresponding measured curve at each

cross section y = constant. Since Ez is approximately independent of x, it
is sufficient to evaluate the amplitude coefficients at x = 0. The appro-
priate values are shown in Table 1 with all phases referred to the origin of S

coordinates x =~ y » z =(0. Graphs of the coefficients as functions of y are l

{f shown in Figure 23. 1It is seen that they form standing-vave patterns with

45

<
TS P II =T

l . . . - v R . e e 2 L R it e — e P e S
5 ‘ t :

S EIN "




- emnded Lo iRl D vl ikl el —a

awn|oa buysom ul (O=A) aupid |D4U3D JDBU Pi31) 31442313 PAINSDIWN 22 Oig
9109s £10141qJ0 - | 23| pasnsDap
O0OL 08 09 Ob O OOY 02 OOP 02 0O0Ob 02 OObO2 OO0b O2 OOb 02 O
| 0 LR N N B 08 B A\J.ﬂ LI 0 N B ) 13._ T 0
| ! ' ' ! i h ! .
N..l ION
: €0L- €'8G- €ob - ebe - gee- €OoLl- [ wIl=1x
. Hov
. vr 5
: b 1 S
T e
” —09 i
“ 9
i Hos
| o
= wI 8t =X i
m / / : “ ; /' wogot=u 1%
: | y] i J\L 1 1.— ! t\\ﬂ- 1l \L ) —4 | (| \\— A 1
! OOl 02 06 0L 06 0L 001 0L OOL 0L GOL 0L o0l oS o

i . . . o b : N L i T R
Eﬁ%a.".E..e;s.,u.&.r:,..c P e 0 P e SR b ik S kBB i o K b e i A st v ] e ok i s 5




TABLE 1

COEFFICIENTS REFERRED TO y = 0, z = 0, OBTAINED FROM MEASURED DATA

Jytem)y =] o -6 -12 | =18 | -24 | -30 | -36 | -42 | -46.5
AI(Y) -41.2 | -10.0 25.9 43 35 4.4 | =34.7 | =44 -40.2
BI(y) 26-2 6003 2“-5 -002 "30 ‘37:3 -2306 -105 1906
CI(Y) =3.5 -7.9 -5.1 -4 10.1 12.8 15.6 2.1 -6.4
DI(y) 18-6 1“'2 6-7 109 -9~0 -12n7 -1503 -307 —302
AR(y) 25.0 39.5 36.2 13.4 | -19.8 | =42.0 | -33.4 | -10.4 8.9
BR(Y) 16.7 | -11.9 | -35.3 | =43.7 | -18.8 16.4 45.5 46 23.1
: CR(y) -2.1 ‘10‘0 -4.7 2.7 205 7‘0 "007 -1008 -4.3
DR()') 1!0 706 508 4.1 1-6 -613 -602 -8'9 -609
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the wavelength A = 48 cm for the A coafficients, Asl ® 49.1 cm for the B
coefficients, A;Z = 50 ¢m for the C coefficients, and Xg3 = 64 for the D
cosfficients. These wavelengths are in good agreement wicth the ideal wave-
lengths, A = 48 cm for the TEM mode, and Agl = 49.2 cm, AgQ = 53.7 cm, and
A‘3 = 64.2 cm for the THon modes with n = 1, 2, 3,

" When the coefficients in Table. 1l are substituted in equation (14), E:z
can be calculated as a function of z at any desired cross section. In
Figures 24a and 24b are shown in broken lines the calculated vertical
distributions of the real and imaginary parts of Ez at the center (x = 0,
y = 0) of the working volume, and at x = 0 and successively y = -6, =12,
-18, -24, -30, -36, and ~42 cm toward the generator. Also shown in solid
lines are the corresponding measured distributicns. It is evident that the
assumed approximate representation of the field as a superposition of the
ideal parallel-plate TEM and TMOn modes is a good one throughout the working
volume of the model simulator. It is also evident that the total Ez differs
greatly from the part contributed by the TEM mode alone, which is comstant
in 2. Figure 23 shows that the amplitudes of the TEM and TMO1 modes are
alwost the same. Their standing-wave distributions and phases are such that
IBZI is substantially greater near the top plate, z = h, than near the
ground plane, z = 0.
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SECTION VIX

THE MEASURED FIELD IN THE WORKING VOLUME: h = 0.66) * 75 cm, f = 264 MHz

The components E: and Ey in the working volume and adjacent regions
were also measured with f = 264 MHz when h = 75 c¢cm = 0.66) and 3 = 113.6 cm.
To simplify the presentation of the data, these com.onents of the field were
measured as functions of z/h with y = 0 and x as parameter. The measured
graphs of IEZI, |Ey|, 6,, and 6, are shown in Figure 25 for eight values of
x. From them, the real and imaginary parts of Ez were determined, as shown
in Figure 26.

Corresponding to equation (14), the vertical electric field is
approximated by:

Ez(y) = A(y) + B(y)cos(nz/h) (15)

It follows that

AR(Y) + iAI(y) = EzR(y) + iEzI(y), at z = h/2 (16)

Graphs of AR(y) and AI(y) as obtained from Figure 25 as functions of y are
shown in the upper half of Figure 27. The half-wavelength is quite accurately
A/2 = 56,8 cm as determined from the graph of the large real part AR(y).
Graphs of the amplitudes Bp(y) and B;(y) of the part of E,(y) due to the

TMOl mode are near the center of Figure 27; the associated graphs of the

real and imaginary parts of Ey(y), which is entirely TMOl’ are at the bottom.
Here the wavelength Asl = 174 cm is also confirmed by the standing-wave
patterns of the imaginary parts. As with the higher frequency and greater
height h of the working volume, the approximate representation of Ez and Ey

by TEM and TMOn modes is quite satisfactory.
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SECTION VIII

THE TRANSVERSE VARIATION OF THE ELECTRIC FIELD; TE MODES

The approximate representation of the electric field in the parallel-
plate region of the simulator in terms of the TEM and TMOn modes tacitly
assumes that all of the components of the electromagnetic field are
independent of the transverse variable x since all wave fronts are assumed
to be planes perpendicular to the longitudinal y-axis. This was taken to be
a good approximation becuuse the electric field shown in Figure 22 changes
relatively little as x is varied in steps from near the center of the working
volume to near the edge at x = *a = 87.5 cm. It 1is now apprepriate to

examine the variation of the field with x in greater detail.

A useful starting point 1s the nature of the wave fronts - surfaces of
constant phase - in the working volume. It is shown in conjunction with
Figures 7 and 8 that the field incident on the parallel-plate region at y =
-b/2 ®» =57.5 cm 1s essentially a traveling spherical wave. 1In Figures 28a,
28b, and 28¢ are shown the measured phase fronts of ez, the phase angle of
Ez. in xy-planes at discrete values of z/h ranging from 1 to 0. With the
measured curves are shown the phase fronts for ideal spherical traveling
waves originating at the generator end of the simulator (x = 0, y = -369 cm,
z = 0 when h = 108 ¢m). These graphs supplement those in Figures 10a and
10b which show the measured phase fronts of 9z in yz=-planes together with
the phase fronts for the ideal spherical waves. It is seen from all of
these diagrams that the measured phase fronts in transverse as well as in
vertical planes are those of a spherical wave with superimposed oscillations
due to standing waves. Clearly, the length and width of the parallci-plate
region are inadequate to permit the development of plane wave fronts and
the assumption that these avre good approximations is acceptable only in the
central part of the working volume, roughly in the range -50 cm < x < 50 cm,
z < h/2 = 54 cm.

The measured transverse distributions of both |Ez| and €, are shown in
Figure 29 for a range of values of z from z = 8.5 cm = 0.18) near the ground
plane at ¢ = 2 to z = 98.5 cmor h - z = 1U8 - 98.5 cm = 0.20) from the top

plate. The grapha of lEzl show a reasonablv constant mean value for each

value of z with a superimposed oscillation. This oscillation is a consequence
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of the fact that the wave fronts are actually spherical and not planar. The
value of y selected for each z was the one at the maximum of |£z| nearest
y = 0 in the standing-wave pattern with respect to the longitudinal coordi-

nate y. The graphs of the phases 92 are like those in Figures 28a, 28b, and
28c,

In Figure 30 are graphs similar to those in Figure 29, but for the
smaller height h = 75 cm and the lower frequency 264 MHz. They range from
z =10 cm = 0,09X from the ground plane to z = 70 cmor h -z = 5 cm = 0.04A
from the top plate. Since only TEM and TMOl modes are involved, it is
possible also to show a graph of the transverse distribution of Ey at z =
0.5h = 37.5 cm where it is maximum. This is at the bottom of the figure.
It is seen that Ey is quite constant from x = 0 to x = -35 ¢m where it .begins
to decrease to near half value at x = -87.5 cm, the edge of the upper plate.
IEZI shown at the top is more complicated. Consider first the graph with
z = 37.5 cm which shows the TEM mode only since Ez for the TMOl mode 18 zero
at z = h/2. Ez as given by this graph is quite constant for =35 cm < x < 35
cm, but then experiences a significant oscillation. This is due to the
spherical wave front which necessarily produces an oscillation along a planar
surface. The average magnitude of Ez about which the oscillation takes place
decreases from x = 0 outward at each value of 2 in the range z < h/2 = 37.5
cm; the magnitude increases when z > h/2 = 37.5 cm. As the edge of the upper
plate at x = =87.5 ¢m, z = h = 75 em is approached, |E2| increases rapidly
and dominates over the relatively small oscillatory amplitude. The changes
in lEzl as x 1s increased from zero are a consequence of the finite width of
the upper plate. The electric lines of Ez that are vertical for infinitely
wide plates are pushed outward near the ground plane and converge at and
near the edge of the top plate, where there are large concentrations of
electric charge on both the lower and upper surfaces, as shown schematically
in Figure 31. The thinning of the electric lines near the ground plane
corresponds to a reduction in 'Ezl’ the greater density of electric lines

near the top plate corresponds to an increase 1in ]Ezl.

As pointed out in conjunction with Figure 9(c), the excitation of the
parallel-plate section of the simulator by an incident spherical wave pro-
vides antisymmetric components Hy of the magnetic field in the xz~plane at
y = -b/2 = -57.5 cm. With metal plates of finite width, these can potentially

excite antisymmetric TEmﬁ modes. A complete analysis of all possible TE
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modes without reference to any method of excitation has been given by Rushdi E
et al. (ref. 3). Those of possible interest in the parallel-plate section . ;
of the simulator are characterized by the following components of the ;
electromagnetic field. They are antisymmetric in the tramsverse coordinate i
* .
1 X. The antisymmetric TEmg modes that can be excited are given by: i
3 |
L e i
Hx n kxml cos(mnz/h)cos(kxmlx) in !
i
a !
Hy v cos(mnz/h)sin(kxmlx) (18)
a
Hz ~ (mw/h)sin(mnz/h)sin(kxmlx) 19)
2 . o |
: Ex ~ (mﬂ/h)sin(mvz/h)sin(kxmzx) (20)
; a
: E, kxmi cos(mnz/h)cos(kxmlx) (21)
where m = 0, 1, 2, ..., 2 =1, 3,5, .... The wost important are those with
m = 0, for which
HY ~ k. cos k s H® v osin Kk 1 =0 (22)
x © “x08 ©°% %x00* x0e® ¢ Hy
a a a
Ex 0 R Ey 0 3 Ez ~ kxOl cos kxle (23)
with 2 =1, 3, 5, .... Also of possible interest are the TEm2 modes with
i m = 1, for which
¥
} a a
; Hx n kxlﬁ cos(ﬂz/h)cos(kxlix) ; Ex " (ﬂ/h)sin(ﬂz/h)ain(kxlix) (24)
;
: #% ~ cos(mz/h)sin(k_,,x) ; B2 =0 (25)
; y ¥ ¢ x1" ' Ty .
.§ a . a
3 Hz A (ﬂ/h)sin(nz/h)sin(kxllx) ; Ez n kxli cos(ﬂz/h)cos(kxllx) (26) |
i ,
*When referred to the full height with image, h is replaced by 2Zh, and 1‘;?

m=>0, 2, 4, 6, ..., instead of 0, 1, 2, 3, ... . ' vl

s i RN RIRES
=
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The amplitudes and wave numbers for the TE modes are given by Rushdi et al.
(ref. 3), and normalized amplitudes of the components of the field are

evaluated for a parallel-plate region with h/2a << 1, specifically, h/2a =
0.01. This condition is not satisfied by the Harvard simulator, for which
h/2a = 108/175 = 0.62 or h/2a = 75/175 = 0.43. A schematic representation
of the TE
of the two modes to give Hy = Aﬂyl + BHyZ' where B i1s negative, will roughly

o1 and TEO3 modes is in Figure 32a. It is seen that a superposition

approximate the antisymmetric distribution of H;nc due to the incident
spherical wave shown in Figure 9(c). This shows a positive maximum of Hinc
at the right edge of the working volume, & negative maximum of H;nc at the

left edge. Thus, it seems reasonable to suppose that a superposition of

TEOQ modes will approximate the difference Ez(x,y,z) ~ Ez(O,y,z), where
Ez(O,y,z) is the field represented by TEM and TMOn wmodes, and to assume that
the TEll mode shown in Figure 32b and other higher modes contribute negligibly.
However, it is obvious from an examination of the distribuctions in Figure 32a

of the TE., and TE., modes that many more than just these two are required

0l 03
to approximate the complicated transverse distributions shown in Figures 29
and 30. In this connection, it is well to note that the actual TEOQ distri-

butions for a parallel-plate waveguide of finite width as formulated by
Rushdi et al. (ref. 3) take full account of the effects of the open sides of
the waveguide. For the purposes of this report, the representation of the

electromagnetic field in terms of TEM and TM_ modes is adequate without the

On

addition of a sum of TEOQ modes. As seen from Figures 29 and 30, the

departure of Ez(x,y,z) from Ez(O,y,z) is quite small - of the order of 8% -

in the central part of the simulator.
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SECTION IX

THE ACTUAL ELECTROMAGNETIC FIELD IN THE SIMULATOR AS AN APPROXIMATION OF A
PLANE WAVE

The electromagnetic field which is to be approximated in the working
volume of the simulator is a plane wave traveling in the positive y-direction
1(ky - wt) B (y,t) = E,(y,t)/¢,, where
= 120n ohms. The field is independent of the transverse

with the components E (y,t) = E (0O)e
z z
Go = (nn/e )l/2
0 0°°0
coordinates x and z, and is distributed as shown in the upper left of Figure
11 at the instant t = 0. As time passes, the entire pattern moves in the

positive y-direction with the speed ¢ = 3 x 108 m/sec.

The actual field in the parallel-plate section of the simulator is a
spherical wave originating at the driving-point on the ground plane and
modified by superimposed reflections from the top plate. The field can be
approximated by a sum of appropriate parallel-plate modes, but this is merely
a change in the representation and not in the nature of the field. Moreover,
all of the modes are generated by the incident field and not by reflection
at the load end.

As the cylindrical wnve travels in the parallel-plate region, it
experiences reflections at the edges x = ta and at the end y = b/2. The
former maintain the transverse standing waves shown in Figures 29 and 30,
the latter the longitudinal standing waves shown in Figures 13 and 27. They

can be decomposed into separate standing waves of the TEM and TM. modes, as

shown in Figures 23 and 27. These graphs illustrate the standingiwave
patterns of Ez and Ey. Measurements were also made of the standing-wave
pattern of the magnetic field over a wide range of frequencies centering on
f = 264 MHz with h = 75 cm. Selected graphs at f = 250, 264, and 270 MHz
are shown in Figure 33. 1t 1is seen that as the frequency is varied, the
entire standing-wave pattern moves. Simultaneously, the standing—waﬁe ratio
fluctuates. Note in Figure 33 how the depth of the minimum varies as its
location moves. 1If the loop probe is fixed at v = 0.074b = 8.5 em, which
locates the minimum for { = 264 MHz shown in the middle figure in Figure 33,
and the frequency is then varied, the graph shown in Figure 34 1is obtained.

This shows a succession of minima that occur at y = 0.074b at different

frequencles, but with that at f = 264 MHz the deepest and sharpest. The
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Fig. 34 Meosured magnitude of the transverse magnetic field at
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frequency; 20 =175¢m, b=114.8¢m, h =75cm, py = 40w
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3 maxima and minima in Figure 34 are a consequence of the standing waves
= . generated in the working volume by reflections of the field at the ends
i y = 2b/2 and the adjacent tapered sections. The standing-wave ratio varies
. somewhat with frequency sc that the minimum amplitude at any fixed point
increases and decreases with fraquency. The deepest minimum at y = 8.5 cm
E ; occurs at f = 264 MHz. At another location of the probe, the frequency for

and the depth of the minimum will be different.

The differences between the actual electromagnetic field in the working
volume of the model simulator and a traveling plane wave are significant
when h = 108 ¢m = 2.25) with f = 626.5 MHz, and considerably larger when
h =75 cm= 0.66A with f = 264 MHiz. In the first place, the component Ez

of the electric field is not uniform in either the transverse or vertical

. g iy L y

directions; secondly, there is a component Ey; and thirdly, there 18 a
significant standing wave. It follows that the electrical environment of a
metallic obstacle placed in the working volume is necessarily quite different
from what it would be if it were exposed to an incident plane wave. There-
fore, it must be expected that currents and charges induced on the surface

of an obstacle may also be quite different. A detailed comparison of the

distributions of induced currents and charges on obstacles when in the

IR T O et e
ok o e T,
g / I

simulator and when exposed to a plane wave is not yet available. However, |
. o]
! a sample set of measurements has been made of the very sensitive charge -ia
density distribution on the surface of a tubular cylinder with electrical D
length kh = 3,57 and eiectrical radius ka = 1 when located at the center of ,:?
the parallel-plate section of the Harvard simulator with h = 108 cm and i3
:l l f = 626.5 Miz. This means that the axis of the cylinder is at a distance of !

7.7 from the source., Available from earlier measurements at the same

4
frequency are the distributions of charge density along the same cylinder lf
\ when illuminated by an incident spherical wave from a monopole at a distance ii
I of 7.5% over an open ground plane. Theoretically determined distributions
(ref. 8) are als> available. The measured magnitudes of the charge density ]
n are shown in Figure 35 for the simulator. in Figure 36 for the incident
spherical wave. The theoretical distributions for an incident plane wave ;
¥ . are in Figure 37. A comparison of the three figures shows that the general |
standing-wave nature of the distributions in both the longitudinal and trans- !

i
|

verse directions are comparable, but with significant differences in detail.

' These are most apparent in the relative magnitudes of the three standing-wave
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maxima which occur near kz = n/2, 37/2, and 51/2. These are listed side by
side in Table 2 for ready quantitative evaluation. Thus, on the illuminated

side (6 = 180°) the theoretical curve has maxima that increase from the

ground plane (z = 0) upward in the proportions 1.00:1.04 :1.27; the measured
values for the simulator are 1.00:0.63 :1.29; and those for the spherical
wave are 1,00 :0.08 :1.23. Evidently, the second maximum is gubstantially
lower in the simulator and almost completely absent with the spherical wave.

It has been shown (ref. 8) that the virtual disappearance of the second

maximum with an incident spherical wave 1is due to the presence of a component

l

|

|

J

i

!

of the electric field perpendicular to the surface of the cylinder when the l
incident wave form is spherical instead of planar. The amplitude and phase }
relations are such that the second maximum is greatly reduced, the first and :
third somewhat increased. When the cylinder is in the simulator, the second '
i

maximum is reduced but much less than with the spherical wave. This is i
readily understood since the incident field in the simulator is a spherical E

vave modified by reflections from the top plate which act to reduce the
curvature of the spherical wave.

On the shadowed side (6 = 0°), the ratio of maxima (normalized to the

————— -

first maximum at 6 = 180°) are for the plane wave 3.03 :3.25: 3.70; for the
simulator 1.71:1.47 : 1.50; and for the spherical wave 1.61 :1.97 :2.23.
Thus, both measured sets have substantially lower charge maxima in the

shadow region than required by plane-wave theory. The maxima for the

cylinder in the simulator decrease from the ground plane upward, those for

D e ‘ _
R T R DT W JAgRGER YOV R JERTCRTP: VYRR Sttt AR

the spherical wave and the plane wave increase substantially. Since the

Lot skadaa

distributions on the shadowed side of the cylinder involve the excitation of
the entire cylinder with rotational and axial resonance effects both active,
it appears that the overall effect of the field in the simulator in inducing
charges is less like that of a plane wave than that of the traveling spheri-

cal wave, This may be a consequence of the longitudinal standing waves in

A me woaen D

the simulator, although these have a standing~wave ratio of less than 2 when
h = 2.25),

!
1
s

In the absence of more complete information on more complicated obstacles
and especially those thaL have greater lateral dimensions, general conclusions
about the adequacy of the field in the simulator are not possible. However,

the measured data on an electrically long and thirk cylinder do indicate
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that the field in the simulator is sufficiently like that of a plane wave to
produce the same general pattern of three-dimensional standing waves of
charge density. The relative maxima and minima are observed substantially
at the same locations as for a plane wave. However, the relative amplitudes
of the individual maxima range from very close agreement to differences by
factors up to 2.5. Extensive measurements on electrically thick cylinders
have indicated that the distribution of the induced surface density of
charge {s more sensitive to the nature of the incident wave front than is

the distribution of the induced surface density of current.
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SECTION X : % |

POSSIBLE METHODS TO IMPROVE THE FIELD IN THE SIMULATOR AS AN APPROXIMATION
OF A TRAVELING PLANE WAVE

The lateral and vertical nonuniformity of the field in the simulator on

the one hand and the existence of standing waves on the other hand constitute :
the principal departures from the desired traveling plane wave., Of these the

first i1s a consequence of the spherical wave fronts that are incident on the L3
parallel-plate section, the second is due to reflections at and beyond the l;

junction of the parallel-plate region and the tapered section leading to the '
terminating impedance. y

It might be supposed that the nonuniformity in the transverse distribu-
tion of the electric field is a problem only at high frequencies when modes
other than the TEM can propagate in the parallel-plate section. The cut-off E

wavelength for the TMOl mode is Xcl = 2h so that at all wavelengths longer

than 2h, only the TEM mode can propagate., However, with the length b (= 115 3
cm) of the parallel-plate section substantially less than 2h (= 216 cm or |
150 cm) and therefore less than X when this is greater than 2h, even nonprop-
agating modes may have significant amplitudes in the electrically rather

short parallel-plate section. The obvious way to reduce the transverse

variation in Ez in the parallel-plate section is to provide an incident
field that more nearly approximates a plane wave than does the actual spheri-

cal wave. With the geometry of the input structure predetermined, this is

" N T bk 6

not readily accomplished. It involves a modification of the phase velocity
? of the spherical wave in the tapered section from the generator by some kind
k of a collimating lens or its equivalent in the form of metal plates or

corrugations on the ground plane so that the spherical wave front becomes

more nearly planar as it reaches the parallel-plate section.

The existence of standing waves in the parallel-plate section 1is a

consequence of the fact that the entire structure has the characteristics of _
a terminated transmission line only at low frequencies for which the f ‘;
condition 2nh/\ << 1 is satisfied. This condition underlies the theory of |
all open transmission lines. It requires that radiation be negligible in
determining the characteristics of the line. When it is satisfied, it is

possible to design the transmission line so that virtually all of the power




supplied by the generator is transmitted along it to a matched load at the
end. As the height h is increased, radiation becomes significant and, for

e e aaad ok

sufficiently large values of h, dominant. The structure then acts like a
traveling-wave antenna. Since the standing-wave ratio in the parallel-plate

section is reasonably constant (see Figure 13), it is evident that the

effective load on the open parallel-plate waveguide is at or beyond its
junction with the sloping triangular plate at the load end. That is, most 1

of the radiation takes place during reflection at or beyond the discontinuity
formed by this sharp junction. (It is to be expected that radiation also

takes place at the junction of the sloping triangular plate with the
parallel plate at the generator end, but this does not affect the standing-
wave ratio in the parallel-plate region.)

modes

= it

It is seen from Figure 23 that the amplitudes of the TEM and TMOl
are about equal and those of the TM02 and TMOB modes negligible when h =
2.25A = 108 cm with f = 626.5 MHz. In this case, the standing-wave ratio as
obtained from Figure 13 is less than 2. On the other hand, Figure 27 shows
that the amplitude of the TEM mode greatly exceeds that of the TMO1 mode !
when h = 0,66) = 75 cm with f = 264 MHz, and that in this case the standing-

wvave ratio 1s about 3. 1It, thus, appears that the standing-wave ratio in

B

the working volume can be reduced significantly only by reducing the reflec-
tion at y > b/2 of the entire component Ez of the electric field between the
parallel plates. The selective reduction of the TMOn modes by attenuating
Ey’ even 1f 100% successful, would not significantly reduce the standing-
wave ratio when it is greatest. There 1s no comparable way to attenuate
separately the TEO2 modes since they have only an Ez component of the E
electric field. What is required to reduce the standing-wave ratio is a
more frequency-independent termination for the parallel-plate section of the
simulator than is provided by the sloping triangular plate with its resistive !
termination that is frequency independent only at sufficiently low frequen- :
cies. This 1s important primarily in the intermediate range of frequencies i

vhen h is of the order of a wavelength, and the standing-wave ratio is

highest. : :
. |
Recen:t measurements have shown that the very high standing-wave ratio X
shown in Figure 33 for the magnetic field at f = 264 MHz is reduced from i
about 20 to near 2 when the terminating resistance of the simulator is
4
z
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greatly increased from the characteristic resistance of 80 ohms to between
600 and 800 ohms. It is to be anticipated that this change must increase
the standing-wave ratio at very low frequencies, at which the simulator
behaves like a nonradiating transmission line rather than like an antenna.
Measurements at lower frequencies to verify this must be made. A systematic
study is then in order to determine the optimum termination from the point

of view of the entire frequency spectrum involved.
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